Background. The electrical current and energy required to terminate ventricular tachyarrhythmias are known to vary by arrhythmia: Ventricular tachycardia (VT) is generally considered to require less energy than ventricular fibrillation (VF). The hypothesis of our study was that current requirements for transthoracic termination of VT are further determined by VT rate and QRS complex morphology.
E nergy and current requirements for transthoracic defibrillation and cardioversion are arrhythmia specific. Most authorities recommend initial shock energies of 50-100 J for cardioversion of ventricular tachycardia (VT).1 Ven-tricular tachycardias may be subclassified by rate and QRS complex morphology,2 and internal defibrillation energy requirements are altered by these variables; polymorphic VT (PVT) and ventricular fibrillation (VF) require higher internal defibrillation energy and current than monomorphic VT (MVT). 3 However, there are no data presently available on the effect of QRS complex morphology or rate on energy and current requirements for transthoracic cardioversion of VT. We hypothesized that VT rate, QRS complex morphology, and related characteristics would determine the electrical current and energy requirements for transthoracic cardioversion, and, specifically, that the more electrically disorganized rhythm of PVT would require higher electrical current and energy than MVT.
Methods
This study was approved by the University of Iowa Human Research Committees of the University of Iowa, University Hospitals of Cleveland (Case Western Reserve University), and Loyola University. We prospectively collected data from 203 patients who were part of an ongoing study of current-based defibrillation. These patients received 569 direct current shocks for VT or VF. One hundred seventy-two patients received these shocks for arrhythmias induced in the electrophysiology laboratory. The remaining 31 patients were treated for spontaneous ventricular tachyarrhythmias occurring in the coronary care unit or other in-patient areas. The patients were receiving a variety of antiarrhythmic and other cardiac drugs. No attempt was made to control this or to include data from patients receiving only certain drugs.
In the electrophysiology laboratory, we used selfadhesive monitor-defibrillator electrode pads (R2 pads, Darox Corp.) placed apex-anterior or anteroposterior to deliver shocks. In other areas, hand-held paddle electrodes placed apex-anterior were used.
Shocks were administered from specially modified Hewlett-Packard 43100A defibrillators, which use a damped sinusoidal waveform. When the operator initiated the charge cycle, the defibrillator predicted transthoracic impedance (ohms) by using a previously validated "test-pulse" technique.45 The predicted impedance was then used to charge the capacitor to the exact energy (joules) necessary to deliver the operator-specified current (amperes [A] ) against the impedance that the defibrillator had just determined. In each center, the operator had a choice of three current settings: 18, 25, or 35 A (Case Western Reserve and Loyola) or 18, 30, or 40 A (Iowa). These current settings were chosen on the basis of our previous experience with current-based defibrillation and cardioversion.6 The settings were varied between the centers to allow (when the data from the three centers were combined) closely spaced current increments, facilitating current versus success comparisons. The actual transthoracic impedance, delivered energy, and peak current were recorded for each shock.
The study protocol suggested the following sequences of current selection for VT: an initial shock of 18 A followed by the intermediate current setting (25 initially taken to be VT. The data presented in the results represent actual events; if a lower-current shock was omitted in any patient, no entry was made for that current in that patient.
The criteria for classification of arrhythmias were based on the analysis of the 10 cycles preceding the shock, using surface electrocardiogram (ECG) recordings (three to six leads per patient) as follows:
MVT: uniform QRS complex morphology, cycle length <600 msec, heart rate >100 beats per minute;
PVT: nonuniform QRS complex morphology, cycle length .200 msec, heart rate .300 beats per minute; VF: nonuniform QRS complex morphology, cycle length <200 msec, heart rate >300 beats per minute. Heart rates were determined by measuring and averaging the 10 cardiac cycles immediately preceding the shock.
A successful shock was one that terminated the ventricular tachyarrhythmia. In all except eight cases, this was immediately followed by the restoration of sinus rhythm. In three cases, atrial fibrillation followed the shock, in three other cases asystole resulted, and in two patients with implanted pacemakers, paced rhythms followed the shock.
To define further the parameters that could potentially determine shock success for ventricular tachycardias, we identified a subgroup of 112 patients who had received at least one low-current shock (18 or 25 A) for VT only (both MVT and PVT were included). In those patients who received shocks for ventricular tachyarrhythmias provoked during electrophysiological stimulation studies, the exact duration of the arrhythmia could be determined from continuous recordings and multiple surface leads allowed determination of QRS axis and bundle branch block morphology. In this subgroup, we compared the following parameters: right versus left bundle branch block morphology (QRS complex appearance in V,) and superior versus inferior frontal plane electrical axis and duration of VT (<60 seconds versus .60 seconds). Not all parameters could be determined in every patient.
We also compared the success rate of low-current shocks for "slow" MVT (cycle length >300 msec; rate <200 beats per minute) versus "fast" MVT Table 1 . Table 2 . There were no differences in success rates of all low-current shocks given for VT when considering the parameters of bundle branch block morphology, pattern of QRS complex morphology, QRS axis, or duration of provoked ventricular tachyarrhythmia. The low-current shocks were more successful when the VT cycle length was >300 msec (i.e., when VT rate was <200 beats per minute). Similar results were obtained when the analysis was restricted to first and second shocks only ( Table 2 ). As shown in Table 3 , for MVT only, low-current shocks again were more successful when the VT cycle length was >300 msec (i.e., when VT rate was <200 beats per minute) whether all shocks or only first and second shocks are analyzed. Table 4 gives the energies (mean+SD) required to generate the various current levels chosen for our current-based study. For any chosen current, the energy required to generate that current is determined by transthoracic impedance,56 which was 75+17 Qi for first shocks.
Discussion
The principal findings of this study are that 1) transthoracic cardioversion of MVT can be accomplished using low current or energy, and 2) PVT requires higher current or energy for transthoracic cardioversion. In this respect, PVT behaves similarly to VF.
Comparison With Other Studies
Standard recommendations for transthoracic shock termination of ventricular tachyarrhythmias differentiate between VF and VT, invariably recommending lower energies and currents for VT.' However, there are no data available concerning different energy/current requirements for MVT versus PVT when transthoracic shocks are given. There are data available from internal defibrillation (electrodes directly applied to the epicardial ventricular surface). Winkle et al,3 in patients undergoing defibrillator implants, administered truncated exponential shocks from an apical patch-superior vena caval spring electrode configuration. Episodes of induced ventricular tachyarrhythmias were classified as "ventricular '14 In theory, the availability of these ionic channels could be influenced by both rate and level of organization of the ventricular arrhythmia.
We could not find an effect of right versus left bundle branch block morphology or superior versus inferior axis on energy requirements for cardioversion of VT.
We also could not demonstrate an effect of the duration of tachyarrhythmias, but this may be a function of the relative brevity of the induced tachyarrhythmias, as their duration rarely exceeded 2 minutes. Differences related to duration may be difficult to demonstrate over this short time frame15-17 and may be obscured by variability in hemodynamic response.
We chose criteria for arrhythmia classification based on the surface ECG because this is the clinical information that would be available immediately to operators of defibrillators.
Conclusions
The rapid, electrically disorganized tachyarrhythmias of PVT and VF require more electric current or energy for transthoracic cardioversion than does MVT. If a low-current-level shock is administered (18 A or 77±50 J), the success rate for termination of PVT will be poor (33%, similar to VF), whereas such low-current shocks will terminate 69% of MVT. Thus, a selected energy level of 70 J or 100 J, specified on most commercially available defibrillators, is appropriate for attempted cardioversion of MVT. Shocks of 25 A or 30 A (128+±55 or 208±76 J) are more appropriate for PVT, yielding success rates of 71-74%. These current levels will be achieved in most cases by choosing energies of 150-200 J.
